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Summary 22 
Direct Air Capture (DAC) of carbon dioxide (CO2) from ambient air has the potential to 23 
combat climate change. DAC systems capture CO2 using a sorbent material and compress it 24 
for storage. In this study, we calculated the life cycle carbon efficiency (Ec) of a DAC system 25 
which equals the net amount of carbon stored per amount of carbon captured from capture to 26 
geological storage. We included greenhouse gas (GHG) emissions during construction of the 27 
necessary facilities as well as GHG emissions from energy, water and chemicals needed 28 
during operations. The system we analysed includes a hydroxide solution as sorbent material 29 
and utilizes the pelletized variant of the Kraft process to regenerate the sorbent and separate 30 
the CO2. To our knowledge, the potential climate benefit over the full life cycle of this DAC 31 
system has not been fully investigated up to now. Using the baseline scenario, we obtained a 32 
positive Ec of 62%. For the optimistic and pessimistic scenarios, we found a Ec of 93% and 33 
10%, respectively. We conclude that this type of DAC system may be a feasible option to help 34 
keep limit global temperature increases to well below 2 ˚C.    35 
Keywords: artificial trees, life cycle analysis, carbon balance, CO2 stabilization, climate 36 
change mitigation, DAC 37 
Highlights 38 
- We calculated the life cycle carbon efficiency of a Direct Air Capture (DAC) system. 39 
- The main GHG emissions of the system are from fossil energy requirements.  40 
- DAC, using hydroxide solutions, can help mitigate climate change.  41 
  42 
1 Introduction 43 
Atmospheric concentrations of CO2 have increased by over 40% since pre-industrial times to 44 
over 400 ppm (Scripps Institution of Oceanography 2017). To limit temperature increase to 45 
well below 2 ˚C by the end of the 21st century, CO2 concentrations need to stabilize at about 46 
450 ppm. To achieve this stabilization, emission scenarios show that a 40 to 70% reduction 47 
in greenhouse gas (GHG) emission by 2050 is necessary and often include a net CO2 uptake 48 
from the atmosphere by 2100 (Peters et al. 2013, Pachauri et al. 2014). 49 
Because fossil fuels are expected to remain the main energy source in the coming decades 50 
(International Energy Agency 2016), methods to capture and store CO2 are considered 51 
important to achieve the climate targets. Carbon capture and storage (CCS) at large 52 
industrial point source emission sites may help reduce emissions (Metz et al. 2005, 53 
Kenarsari et al. 2013, Volkart et al. 2013, Zhang et al. 2014, Leeson et al. 2017). However, 54 
industrial sources are currently estimated to be responsible for about 36% of the GHG 55 
emissions (IPCC 2014). Other sources of CO2 emissions are, generally less localized making 56 
on site capture difficult. One method that has been proposed to reduce CO2 concentrations in 57 
ambient air is the use of direct air capture (DAC) systems, sometimes called artificial trees 58 
(Lackner et al. 2001). Besides dealing with emissions from non-localized sources, these 59 
systems can also help reduce CO2 concentrations to pre-industrial levels (Lackner et al. 60 
2012). 61 
DAC systems capture CO2 using a sorbent material and release it in high purity compressed 62 
CO2 streams ready for transport and storage. The core of these systems consists of an air 63 
collector where ambient air is brought in contact with the sorbent material and a regeneration 64 
facility where the captured CO2 is separated from the saturated sorbent material. 65 
Regeneration and circulation of the sorbent material and circulation of ambient air through 66 
these systems require substantial energy inputs, raising questions about the economic and 67 
environmental feasibility of this technique as a climate change mitigation option (Goeppert et 68 
al. 2012).  69 
Several studies have investigated the economic feasibility of DAC systems with reported 70 
costs ranging from $30 to $1000 per tonne of CO2 removed (Lackner 2009, House et al. 71 
2011, Goeppert et al. 2012). With such a wide range of estimated capital costs, there is no 72 
consensus on the economic feasibility of DAC. For example, Simon et al. (2011) argued DAC 73 
can be a cost-effective contributor to climate mitigation in the future, while Ranjan and 74 
Herzog (2011) found that the costs of DAC systems is prohibitively high compared to other 75 
mitigation options. 76 
The environmental feasibility of DAC as a climate change mitigation option can be expressed 77 
as the life cycle carbon efficiency (Ec) of the system. Ec is defined as the relative net amount 78 
of CO2 captured by the system, taking into account the GHG emissions, expressed in CO2 79 
equivalents, caused by the construction and operation of the DAC system. So far, 80 
environmental studies on DAC focussed on the energy use of the system. Energy 81 
requirements of operating systems have been reported between 50 and 700kJ per mole CO2 82 
captured (Keith et al. 2006, Lackner 2009, House et al. 2011). At the upper range of these 83 
energy requirements, the system only effectively captures CO2 when a renewable energy 84 
source is used. The majority of these studies on the energy requirements of DAC systems, 85 
however, are simple energy assessments based on thermodynamic principles and reaction 86 
enthalpies instead of outdoor prototypes (House et al. 2011, Ranjan and Herzog 2011, 87 
Simon et al. 2011, McGlashan et al. 2012, Lackner 2013, Wilcox et al. 2017).These studies 88 
often only include the capture and regeneration step of the DAC systems and thus neglect 89 
the energy use from CO2 transportation and storage. Furthermore, by only analysing energy 90 
consumption, emissions due to the production and use of materials and chemicals needed 91 
are neglected. So far, no studies on the environmental effectiveness of hydroxide based 92 
DAC systems have included the full system from capture to storage nor have been based on 93 
outdoor prototypes. 94 
The aim of this study was to assess the life cycle carbon efficiency of DAC systems and to 95 
identify the major contributors to the carbon balance. We included the full life cycle of DAC 96 
from capture to geological storage and included CO2 as well as other GHG emissions during 97 
construction of the necessary facilities as well as operating GHG emissions from energy and 98 
other resources needed. To this end, we collected experimental data and system 99 
descriptions from laboratory and prototype DAC systems using strong hydroxide solutions as 100 
sorbents. This data was supplemented with data from conventional Carbon Capture and 101 
Storage (CCS) plants to estimate emissions from CO2 compression, transport and geological 102 
storage. 103 
2 Methods  104 
2.1 System description 105 
The Direct Air Capture (DAC) system analysed is designed for an annual capture rate of 1 Mt 106 
CO2 per year and includes 10 air contactor units dispersed around a regeneration and 107 
compression facility, CO2 transport pipelines to the geological storage site and an injection 108 
facility. In the air contactor, CO2 is extracted from ambient air by binding to a sorbent. The 109 
captured CO2 is separated from the sorbent into a pure CO2 stream and the sorbent is 110 
regenerated in the regeneration facility. A schematic representation of the different 111 
components of the system is given in figure 1.  112 
 113 
Figure1: Schematic representation of a Direct Air Capture (DAC) facility for the capture and storage of ambient CO2. 114 
The air contactor units in this analysis are based on a cost-optimized design by Carbon 115 
Engineering (Holmes and Keith 2012; base case). Each unit consists of 4 stacked rows of 40 116 
modules with a width and height of 5 m and a depth (d) of 8.6 m. These modules are filled 117 
with a PVC packing material over which a strong hydroxide sorbent material is distributed 118 
from the top while outside air is blown through the packing material horizontally by fans. The 119 
sorbent in this system is a 2 M sodium hydroxide (NaOH) solution. The NaOH solution forms 120 
a thin film on the packing material to create a large surface to volume ratio within the air 121 
contactor. The sorbent reacts with CO2 rich outside air: 122 
                                                             Eq. 1 123 
Active fans create a pressure drop within the air contactor to guide outside air through the 124 
packing material. The saturated sorbent reaching the bottom of the contactor unit is then 125 
pumped to the regeneration facility where the NaOH solution is regenerated and CO2 is 126 
separated. A small scale outdoor prototype of this air contactor was recently tested (Holmes 127 
et al. 2013). 128 
The sorbent is regenerated using a ‘Pelletized’ variant of the Kraft process, as suggested by 129 
Holmes et al. (2013) and described as process option B by Baciocchi et al. (2006).The first 130 
step in the regeneration process is causticization, where the saturated sorbent (Na2CO3) 131 
reacts with calcium hydroxide (Ca(OH)2) to regenerate the sorbent and form calcium 132 
carbonate (CaCO3): 133 
                                                               Eq. 2 134 
In the pelletized variant of the Kraft process, this step is performed in a fluidised-bed type 135 
pellet reactor. The supernatant NaOH solution can be directly pumped back to the air 136 
contactor. As the pellets in the reactor grow they sink to the bottom where they are 137 
periodically removed from the reactor. The removed pellets are then dried to the atmosphere 138 
resulting in calcium carbonate pellets with a solid content of about 90%. The dried pellets are 139 
transported to a kiln where they are heated under high temperatures (± 900 °C) to form 140 
calcium oxide (CaO, quicklime) and pure CO2 in the calcination step (reaction 3). 141 
                                               Eq. 3 142 
In this study we assume that calcination takes place in an oxy fuelled kiln to avoid the 143 
production of nitrogen in the produced gas stream and to increase kiln efficiency. The 144 
calcination step will thus need an oxygen feed in addition to a fuel feed. The separated CO2 145 
and the CO2 generated by heat production in the kiln are mixed into a pure CO2 stream at a 146 
pressure of 1 bar ready for compression. The quicklime produced in reaction 3 is transported 147 
to a slaker where it undergoes an exothermic reaction with water, generated in the air 148 
contactor (reaction1), to regenerate the calcium hydroxide used during causticization: 149 
                                                 Eq. 4 150 
The final steps of the DAC system: compression, transport and geological injection are also 151 
used in conventional Carbon Capture and Storage (CCS) systems at power plants. CO2 152 
leaving the kiln is compressed in a four stage compressor to 110 bar for transport trough a 153 
natural gas pipeline to an onshore natural gas storage injection site 50 km away. These 154 
steps are described by (Koornneef et al. 2008) for a power plant CCS facility with a CO2 155 
capture rate of 3Mt/yr. 156 
2.2 CO2 capture rate 157 
While the system described above was designed for an annual capture rate of 1 Mt CO2 the 158 
actual capture rate may deviate from this depending on the obtained mass transfer 159 
coefficient (KL, m/s). The obtained mass transfer rates are expected to lie between 1.1 and 2 160 
* 10-3 m/s. We calculated the CO2 capture rate (rCO2, kg/yr) as (Holmes and Keith 2012): 161 
           
         
  
                          Eq. 5 162 
Where v is the air velocity inside the contactor which was determined by (Holmes and Keith 163 
2012) to be ideally set to 1.6 m/s, d is the air travel distance which is 8.6 m, SSA is the 164 
specific packing area of the packing material which is equal to 210 m2/m3, ε is the packing 165 
efficiency (80%), top is the yearly operational time in seconds, Aunit is the frontal area of one 166 
capture unit (4000 m2) and Nunits is the total number of air contacting units (10 units).  167 
2.3 Inventory 168 
We included greenhouse gas (GHG) emissions from the materials needed for the 169 
construction of the different facilities and GHG emissions from the material, water and energy 170 
use during operations. We gathered the necessary inventory data from different sources 171 
depending on the system component, as further explained below. 172 
2.3.1 Construction  173 
The infrastructure of the air contactor was based on the description provided by Holmes and 174 
Keith (2012) for a contactor unit designed to have a capture rate of 0.1 Mt CO2/yr and an 175 
assumed average life time of 20 years. The packing volume and materials, the inlet louver 176 
materials, the drift eliminator materials and the number and type of fans were readily taken 177 
from the descriptions (Holmes and Keith 2012). For the foundation and casing of the air 178 
contactor we assumed that reinforced concrete was used with a foundation depth of 3 m and 179 
a wall thickness of 20 cm. The number of spray nozzles was estimated from the number of 180 
nozzles per m2 used in the prototype (Holmes et al. 2013) and the basal area of the 181 
proposed contactor. For the cross flow nozzles we estimated a total of 100 grams of 182 
polypropylene was used per nozzle. Furthermore, we estimated a total of 500 tonnes of low-183 
alloyed steel is needed for use in fluid pumps, fluid pipes, shut-off valves and other small 184 
equipment per contactor unit. The DAC system in this study consisted of 10 of the described 185 
contactor units.  186 
The necessary infrastructure for the regeneration facility has not been described as far as we 187 
know. Therefore, we excluded GHG emissions related to the construction of the regeneration 188 
infrastructure in our analysis. The inventory for the infrastructure of the compressor and 189 
injection facility and the pipelines for transportation were based on a detailed inventory for a 190 
power plant CCS facility with a capacity of 3MtCO2 captured per year (Koornneef et al. 191 
2008). LCI data for the production process of the necessary infrastructure materials are 192 
taken from the Ecoinvent database (version 3.3; Werner et al. 2016).  193 
2.3.2 Energy requirements 194 
Annual mechanical energy requirements for the fans in the air contactor (Efans, J/yr) were 195 
calculated from the yearly operational time (top, s), air velocity (v, m/s), air travel distance (d, 196 
m), and fan efficiency (ηfans): 197 
         
        
     
                          Eq. 6 198 
Mechanical energy requirements for the sorbent pumps are calculated using a sorbent flow 199 
rate (f) of 0.41 l/(m2s) which was determined to be an optimal trade of between capture rate 200 
and energy costs in the outdoor prototype of the air contactor by Carbon Engineering 201 
(Holmes et al. 2013). For a contactor with a total of 10 units consisting of 4 stacked rows of 202 
40 modules the annual energy requirements for the sorbent pumps (Epump, J/yr) can then be 203 
calculated as: 204 
       
                        
      
                 Eq. 7 205 
Where w is the width of a module (5 m), d is the depth of a module (8.6 m), ρSorbent is the 206 
density of the 2M NaOH sorbent (1.08 kg/l), g is 9.81 m/s2and h the height of a module (5 m). 207 
Energy requirements for the fans and sorbent pumps were divided by the annual capture rate 208 
as calculated in section 2.2.1 to obtain energy requirements per ton CO2 captured.  209 
The energy requirements for the regeneration process are based on an earlier study by 210 
Baciocchi et al. (2006) including a pellet reactor for causticization and an oxy-fired calcination 211 
kiln with an oxygen feed supplied by a Pressure Swing Adsorption (PSA) process. To 212 
calculate the mechanical energy requirements for the work done by the pellet reactor and 213 
slaker we assumed an electromotor efficiency of 95% for the slaker and a pump efficiency to 214 
75% (equal to the sorbent circulation pumps) for the pellet reactor, leading to an energy 215 
requirement of 42 kWh/tCO2. Additionally, the PSA system generating the oxygen stream to 216 
the kiln has an energy requirement of 116 kWh/tCO2 (Baciocchi et al. 2006).  217 
Heat demand (4470 MJ/tCO2) in the kiln is met by combustion of natural gas. CO2 emissions 218 
generated during heat production in the calcination kiln are mixed with the CO2 separated 219 
from the sorbent. We assumed that the heat released during the cooling of the gas and CaO 220 
streams out of the kiln can be captured and used with an efficiency of 90%. This leads to a 221 
heat demand of 1812 MJ/tCO2 additional to the heat demand in the calcination kiln which is 222 
again assumed to be met by on site combustion of natural gas.  223 
Energy requirements for the compression and geological injection of CO2 were taken from 224 
Koornneef et al. (2008). Mechanical energy requirements in the baseline scenario were 225 
assumed to be met by a natural gas combined cycle power plant with a carbon footprint of 226 
0.50 kg CO2-eq./kWh generated calculated for a 100 year time horizon and with Global 227 
Warming Potentials (GWP) from Stocker (2014) (Hauck et al. 2014; S5). An overview of all 228 
energy considerations in the system is given in Table 1.  229 
2.3.3 Water loss 230 
Water loss in the air contactor was calculated from the CO2 capture fraction (ΔPCO2)the 231 
vapour pressure of water at ambient temperature (Pv(T)), the relative humidity of the ambient 232 
air (RH) and the saturation of water in the sorbent (S) (Socolow et al. 2011): 233 
         
                
     
         Eq. 8 234 
For a 2M NaOH solution the saturation constant can be estimated as the mole fraction of 235 
water in the sorbent (~97%). In the baseline scenario we set the relative humidity to 65% and 236 
the temperature to 13 °C leading to a loss of about 4.6 mol H2O per mol CO2.  237 
2.3.4 Sorbent and lime requirements 238 
Operation of the DAC system requires the input of chemicals and water. While the reaction 239 
cycles used for regeneration are closed in theory (figure 1), recycling efficiencies never reach 240 
100% and chemical losses must be accounted for. In our analysis we account for these 241 
losses in the amount of NaOH and CaCO3 needed. Total requirements (xi,total) of each 242 
compound i were calculated using the recycling efficiency (0 < R < 1) and equation 2. 243 
                                Eq. 9 244 
Where xi,base is the amount of compound i in moles required to capture 1 mole of CO2 when 245 
no recovery of the compound is possible, i.e. a one pass process  246 
Using the specifications arriving from the cost optimalization study done by Holmes and Keith 247 
(2012) we assume that partially loaded sorbent leaving the air contactor is recirculated back 248 
to air contactor so that the sorbent entering the regeneration process has a CO2 loading of 249 
about 20 g CO2 per kg sorbent. Based on a 2M NaOH solution this then leads to a one pass 250 
requirement of about 4.8 mol NaOH per mol CO2 captured. However, because the system 251 
we analyse here uses a recycling step for the sorbent, the partially loaded sorbent leaving 252 
the air contactor is regenerated during causticization. For this study we based the 253 
regeneration efficiency of NaOH on the mass balances developed by Baciocchi et al. (2006) 254 
for this regeneration process. We calculated the efficiency as the amount of Na+ leaving the 255 
pellet reactor in the regenerated sorbent stream divided by the amount of Na+ fed into the 256 
pellet reactor, leading to a recycling efficiency of 99.9% (Baciocchi et al. 2006). Using Eq. 9 257 
and the earlier calculated amount of 4.8 mol NaOH per mol CO2 captured as a base value 258 
gives actual NaOH requirement of 0.003 mol NaOH per mol CO2.   259 
Losses in the calcination kiln and slaker are accounted for in the total amount of CaCO3 260 
needed. Similar to the approach for NaOH, we calculated the efficiency of CaCO3 recycling 261 
from the mass balances developed by Baciocchi et al. (2006) resulting an efficiency of 262 
90.9%. Using stoichiometric amounts of CaCO3 as a base (eq. 3), this results in a total 263 
CaCO3 requirement of about 0.1 mol CaCO3 per mol CO2. 264 
2.4 Carbon capture efficiency 265 
We calculated the carbon efficiency of the DAC system as:  266 
    
             
       
            Eq. 10 267 
where CO2cap is the total amount of kg CO2 stored over the lifetime of the system and GHGlc 268 
is the total amount of greenhouse gasses emitted over the whole life cycle of the system in 269 
kg CO2 equivalents. GHG emissions related to the construction, chemical and water 270 
requirements were calculated with the Ecoinvent database (Version 3.3; Wernet et al. 2016). 271 
Global Warming Potentials (for a 100 year time horizon) to sum up GHG emissions to kg 272 
CO2-equivalents were taken from the most recent IPCC-report (Stocker 2014). When Ec<0, 273 
more carbon is emitted over the lifetime of the system than is captured, while a Ec> 274 
0indicates that more CO2 is stored than emitted over the life cycle. 275 
2.5 Sensitivity analysis 276 
For various system parameters, i.e.: the mass transfer coefficient and the lifetime of the 277 
facility, various ranges can be found in literature. To estimate the influence of these 278 
uncertainties, we determined an optimistic and pessimistic value based on the reported 279 
ranges next to the baseline value (Table 1). Other parameters, i.e.: the ambient air 280 
temperature, the relative humidity, the electricity source and the amount of heat recovered 281 
during the regeneration, depend on choices made during the design of the facility. For these 282 
parameters, we determined alternative options for the optimistic and pessimistic scenario. 283 
For the electricity source, we added to the optimistic scenario the use of solar power as this 284 
is an often mentioned possibility in these systems (House et al. 2011, McGlashan et al. 285 
2012). Additionally, in the pessimistic scenario, we included a scenario where the electricity 286 
demand is met by an average US coal plant (Steinmann et al. 2014). GHG life cycle 287 
emissions of the alternative energy sources are given in Table 1. We also investigated two 288 
alternative regeneration heat demand scenarios: one in which heat released during the 289 
condensation step is recovered and reused (optimistic) and one in which none of the heat 290 
released (including gas and CaO streams leaving the kiln) is used (pessimistic) (Baciocchi et 291 
al. 2006). Lastly, the geographical placement of the facility can have a large impact on the 292 
water use of the system, to account for this, we set RH=82% with T=9.5°C in the best case 293 
scenario, corresponding to the yearly average for the Netherlands, and in the worst case 294 
scenario we set RH=38% with T=21 °C, corresponding to the yearly average in Tucson, 295 
Arizona. We performed a sensitivity analysis by calculating the Ec for the optimal combination 296 
and the pessimistic combination of the abovementioned parameter values. We also obtained 297 
for each of the above described parameters the influence on the Ec.  298 
3. Results 299 
Using the baseline inventory data, we obtained a positive Ec of 62%. Figure 2 shows the 300 
amount of CO2-eq. emitted per tonne of CO2 captured from the different life cycle 301 
components of the DAC system. The majority of the GHG emissions from the DAC system 302 
are caused by the energy demand, approximately 65% for electric energy demand and 32% 303 
for heat demand in the baseline scenario.Water use, sorbent use and CaCO3 use both 304 
contribute less than 1% to the total greenhouse gas emissions of the DAC system.  305 
 306 
Figure2: Life cycle greenhouse gas emissions emitted per amount of carbon stored from various components of a Direct Air 307 
Capture (DAC) facility based on strong hydroxide sorbents utilizing the Kraft process for sorbent recovery. Carbon emissions 308 
were calculated in three scenarios: optimistic, baseline and pessimistic, in which mass transfer coefficient, temperature, 309 
relative humidity, heat recovery during the regeneration process, fan and pump efficiencies, lifetime and carbon footprint of 310 
the electricity source were set to their optimal, basis and worst values respectively. 311 
For the optimistic and pessimistic scenarios, we found a Ec of 92% and 10%, respectively. 312 
The results of the sensitivity analysis are shown in figure 3. Switching to a renewable energy 313 
source to meet the energy demand by the fans, pumps, compressor and injection facility has 314 
the largest potential to increase the Ec. Using solar power to generate the required electricity 315 
may improve the Ec from 62% to 84% using the baseline scenario for all other parameters. 316 
Recovery of the heat released during condensation may also improve the Ec with about 8%.  317 
 318 
Figure3: Change in life cycle carbon efficiency of a Direct Air Capture (DAC) system, using a 2M NaOH solution as a sorbent 319 
and utilizing the pelletized variant of the Kraft process for sorbent regeneration, with respect to the baseline due to 320 
optimistic and pessimistic parameterizations. 321 
 Other parameters in our sensitivity analysis only have a minor effect on the Ec.     322 
4. Discussion 323 
The main goal of this study was to assess the life cycle carbon efficiency (Ec) of direct 324 
capture of CO2  from ambient air. The DAC system analysed in this study was a system 325 
based on a strong hydroxide sorbent which was regenerated using the pelletized variant of 326 
the Kraft process. In our baseline scenario the system has a high positive Ec indicating that 327 
DAC can effectively contribute to climate change mitigation. Even in the worst case scenario, 328 
the system still effectively captures CO2.  329 
Several studies before us have analysed the heat and energy requirements of hydroxide 330 
based DAC systems (House et al. 2011, Goeppert et al. 2012, Sanz-Pérez et al. 2016). From 331 
these studies it, however, remained unclear what the potential carbon benefits of the DAC 332 
system are because heat and energy demands differed substantially between studies. 333 
Secondly, these studies neglected the contribution of other system characteristics, such as 334 
the use of sorbent and GHG emissions from infrastructure. In our study, we showed that, 335 
emissions from these sources do not significantly contribute to the overall carbon efficiency 336 
of the system.  337 
GHG emissions due to the electricity demand have the largest impact on the life cycle Ec. 338 
While we do not expect that the total mechanical demand of the system can be significantly 339 
decreased, the electricity source can play a major role in the carbon efficiency (figure 3). 340 
When assuming an industrial PV installation is used to meet the electricity demand 341 
(optimistic scenario), the emissions from the mechanical energy demand become negligible 342 
compared to the other system emissions. Making sure that mechanical energy requirements 343 
are provided by a renewable energy source is an important step in further improving the 344 
carbon efficiency of this system. Some authors have also cited the use of KOH instead of 345 
NaOH as a possible option because it has faster reaction kinetics with CO2 (Bandi et al. 346 
1995, Holmes et al. 2013, Sanz-Pérez et al. 2016). This will decrease the amount of energy 347 
needed to circulate the sorbent throught the contactor thus lowering the mechanical energy 348 
demand of the system. However, according to Ecoinvent (version 3.3; Wernet et al. 2016) 349 
the life cycle GHG emissions of KOH (2.2 kg CO2 eq/kg KOH) is higher than that of NaOH 350 
(1.4 kg CO2 eq/kg NaOH). Switching from NaOH to KOH might therefore not lead to an 351 
increased carbon efficiency if the increase in CO2 capture rate is not sufficient to offset the 352 
higher life cycle GHG emissions of KOH production. 353 
The large energy requirements of the regeneration process, and especially the energy 354 
requirements by the calcination kiln are generally seen as the limiting factor in NaOH based 355 
DAC systems. We showed that an increase in system carbon efficiency of 8% can be 356 
achieved when the heat released during condensation is recovered and used in the CaCO3 357 
heating and drying steps. However, Baciocchi et al. (2006) pointed out that this is low-grade 358 
heat that is difficult to recover. This improvement may thus not be feasible in practice. 359 
Alternative options for reducing the heat demand have been suggested, such as using the 360 
heat that is released during slaking in the calcination step (Zeman 2007). However, this 361 
option has also been criticized as impractical (Baciocchi et al. 2006, Stolaroff 2006). 362 
Alternatively, Mahmoudkhani and Keith (2009) proposed to use causticization by titanium 363 
dioxide (TiO2) instead of the Kraft process for sorbent regeneration. They proposed to 364 
regenerate the NaOH using direct causticiation with TiO2 (Mahmoudkhani and Keith 2009). 365 
Using TiO2 the regeneration of NaOH was estimated to require 50% less heat. However, the 366 
greenhouse gas emissions (in kg CO2 eq.)  related to the production of 1 kg of TiO2 are about 367 
1800 times higher than those for 1 kg of CaCO3 (ecoinvent version 3.3; Wernet et al. 2016). 368 
TiO2 regeneration efficiencies well over 99% would be necessary for this to be a feasible 369 
option. Furthermore, although the calcination step is a large contributor to the overall energy 370 
requirements of the system, it only has a minor contribution to the systems carbon efficiency 371 
as all CO2 emitted by combustion in the kiln is mixed and stored with the captured CO2. 372 
The contribution of water loss to the systems carbon efficiency was found to be negligible. 373 
However, many studies on the use of strong hydroxide solutions for carbon capture have 374 
implicated the use of water by the system as a possible bottleneck with values ranging from 375 
1 to 30 mol H2O per mol CO2 (Zeman 2007, Stolaroff et al. 2008). This range is much larger 376 
than the range calculated in our assessments using eq. 8. Using the high end of this range 377 
(30 mol H2O per mol CO2) however only decreases the carbon efficiency with 1%. Even 378 
higher values for evaporative water losses have been reported by Zeman (2008) when 379 
including the regeneration process. However, water loss by evaporation during the 380 
regeneration process is minimized by the use of the fluidized bed pellet reactor instead of a 381 
more common precipitator. While we found that water loss only had a minor impact on the 382 
carbon efficiency, its impact on other impact categories may, however, also be important to 383 
study. To fully assess whether DAC systems are a feasible climate change mitigation option, 384 
these environmental impacts need to be quantified in future research. However, because 385 
direct air capture systems are not bound to point emission sources, they can be located in 386 
areas with sufficient water and a low-carbon electricity supply. 387 
Compared to the impact of the energy needed during operations of the DAC system, 388 
infrastructure only had a minor contribution. Data availability to perform a full inventory 389 
analysis of the infrastructure was one of the major limitations of this study. Because we 390 
omitted the infrastructure for the regeneration facility, the carbon efficiency of the DAC 391 
system will be lower than reported here. However, the contribution of infrastructure to the life 392 
cycle GHG emissions of a technology is generally low in systems with relatively high energy 393 
and chemical requirements (Frischknecht et al. 2007). This is also the situation for the DAC 394 
system which is readily shown by the small contribution of the infrastructure of the DAC 395 
facility itself in the current analysis (<1%).  396 
It is important to further note that the data used for our study is derived from systems with 397 
varying technological readiness level (TRL; Gavankar et al. 2015). The air contactor 398 
described in this study has already been tested using an outdoor prototype. However, the 399 
data for the regeneration process is based on systems with widely varying TRL. For 400 
example, the slaker and the pellet reactor have been used on a large scale while the 401 
characteristics of the oxygen fuelled calcinations kiln were based only on a formulation of a 402 
kiln that was not yet developed (Baciocchi et al. 2006). Furthermore, data for the compressor 403 
and transportations pipelines have been based on level 9 technologies (Koornneef et al. 404 
2008). An overview of the TRL of the systems underlying the data used in this study can be 405 
found in the SI.  406 
Gavankar et al. (2015) noted that the emissions can drastically decrease with increasing TRL 407 
because of recycling of the feed stock. We already accounted for recycling in our analysis by 408 
including the estimations of regeneration efficiency and we thus do not expect emissions to 409 
significantly decrease. Furthermore, this technology has recently been developed and tested 410 
on a prototype level by Carbon Engineering (Keith et al. 2018). Using this prototype, Keith et 411 
al. (2018) calculated a slightly lower overall heat demand of 5.25 GJ/tCO2, compared to 6.28 412 
GJ/tCO2 estimated in our baseline. However, as all CO2 generated in the kiln is captured, 413 
this would lead to an increase of the carbon efficiency of only 6%. Furthermore, the carbon 414 
efficiency found with the optimal parameterization in this study is comparable to the 415 
preliminary LCA results reported for this prototype by Keith et al. (2018). These results 416 
indicate that the system analysed here may be an effective climate change option, especially 417 
when renewable energy sources are used for electricity generation.  418 
 419 
5. Conclusions 420 
In this study we calculated the carbon efficiency of a Direct Air Capture system over its full 421 
life cycle. As DAC systems are still relatively new, full assessment of the greenhouse gas 422 
emissions during the system lifetime was challenging. In this study, we analysed a DAC 423 
system based on strong hydroxide sorbents as a climate change mitigation option. Our 424 
results showed that this system has a positive carbon efficiency, meaning that it can 425 
effectively capture and store CO2 from ambient air. Furthermore, we showed that the most 426 
important emissions sources of the system are the energy demand. The largest 427 
improvements in the carbon efficiency of this system can be achieved by using renewable 428 
energy sources to meet the system’s mechanical energy demand, which is not only the 429 
largest contribution to carbon efficiency but also easiest achieved from a technical point of 430 
view. In its current form, it is concluded that the DAC system is an effective climate change 431 
mitigation option based on its full carbon balance.  432 
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Tables 551 
Table 1: Input parameters for the life cycle GHG analysis of a Direct Air Capture system based on a 2 M NaOH sorbent 552 
utilizing the pelletized Kraft process for sorbent regeneration. 553 
 554 
 555 
 Baseline Optimistic Pessimistic 
System characteristics    
Lifetime (yr) 20 40 10 
Percentage year operations
 
(%)
a 
85 - - 
Mass transfer coefficient (KL, mm s
-1
)
a 
1.5 2.0 0.8 
Air velocity (v, m s
-1
)
a 
1.6 - - 
Sorbent flow (f, L m
-2
 s
-1
)
b 
0.41   
Ambient CO2 concentrations (ppm) 400 - - 
Packing efficiency (ε, %)
a 
80 - - 
Specific packing area (SSA, m
2
 m
-3
)
a 
210 - - 
Air travel distance (d, m)
a 
8.6 - - 
Fan efficiency (ηfan, %) 56 - - 
Liquid pumps efficiency (ηpump,%) 75 - - 
Relative humidity (RH, %)
 
65
 
82 38 
Temperature (T, °C)
 
13
 
9.4 21 
NaOH recycling efficiency (%)
c 
99.9 - - 
CaCO3 recycling efficiency (%)
c 
90.9 - - 
Efficiency heat transfer (%) 90 - - 
Carbon footprint electrical energy source (kg CO2 eq. kWh
-1
) 0.50
d
 0.05
e 
1.06
f 
 
Infrastructure inventory 
   
Air contactor
b 
PVC (t) 
Concrete foundation (m
3
) 
Concrete (m
3
) 
Polypropylene (t) 
Stainless steel (t) 
Grass-fibre reinforced polyurethane (t) 
Low-alloyed steel (t) 
Compressor, transport and storage 
See Koornneef et al. (2008) 
 
14 * 10
3
 
1.1 *10
5
 
70 * 10
2
 
15 
32 
70 
50 * 10
2
 
 
 
14 * 10
3
 
1.1 *10
5
 
70 * 10
2
 
15 
32 
70 
50 * 10
2
 
 
 
14 * 10
3
 
1.1 *10
5
 
70 * 10
2
 
15 
32 
70 
50 * 10
2
 
 
Energy balance 
   
Air contactor 
Electricity (kWh tonne
-1
 CO2 captured)
 
Regeneration 
Electricity O2 purification (kWh tonne
-1
 CO2 captured) 
Electricity Slaker (kWh tonne
-1
 CO2 captured) 
Electricity pellet reactor (kWh tonne
-1
 CO2 captured) 
Heat CaCO3 drying and air heating(MJ tonne
-1
 CO2 captured) 
Heat CaO cooling (MJ tonne
-1
 CO2 captured) 
Heat flue gas cooling (MJ tonne
-1
 CO2 captured) 
Heat water condensation (MJ tonne
-1
 CO2 captured) 
Heat calcination (MJ tonne
-1
 CO2 captured)
 
 
193 
 
116 
1.43 
40.7 
3900 
- 864 
- 1224 
0 
4470 
 
172 
 
- 
- 
- 
- 
- 
- 
- 1179 
-  
 
278 
 
- 
- 
- 
- 
0 
0 
- 
- 
Compression 
Electricity (kWh tonne
-1
 CO2  compressed)
g 
 
111 
 
111 
 
111 
Geological injection 
Electricity (kWh tonne
-1
 CO2  injected )
g 
 
7 
 
7 
 
7 
a
 Values adapted from the cost optimized air contactor design by (Holmes and Keith 2012). 
b
 Based on an optimal flow rate found in the prototype air contactor by (Holmes et al. 2013). 
c
 Adapted from (Baciocchi et al. 2006). 
d
 Carbon footprint for an average natural gas combined cycle power plant in the US calculated using a time 
horizon of 100 years and recently updated GWPs (Hauck et al. 2014). 
e 
Carbon footprint for an average solar photovoltaic power plant (Nugent and Sovacool 2014) 
f 
Median carbon footprint found for US coal fired power plants based on a 100 year time horizon (Steinmann et 
al. 2014) 
g 
Values taken from (Koornneef et al. (2008)) 
